Background: Being the product of the same environment, soil and vegetation are mutually associated with each other, but the relationships between edaphic properties and vegetation characteristics are still far from clear. Accordingly, the specific aim of this study is to identify relationships between forest site types/forest types and the fertility of soil organic horizons in northwestern Russia. The relationships were assessed at the level of three large forest regions, the northern and middle taiga of the Republic of Karelia, and the Karelian Isthmus (Leningrad region), based on 37 spruce, 66 pine, and 16 birch plots which were integrated with the International Cooperative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests). Results: Soil forming rock and land-use history partly explain the differences in the fertility of soil organic horizons between the forest ecosystems in northwestern Russia. Climatic factors are closely correlated with plant species richness, density and the fertility of soil organic horizons. Nutrient content in the organic horizons increased from poor to rich site types identified according to composition of understory vegetation and the occurrence of certain indicator species, i.e. Cajander's forest site types. The most informative parameters in explaining differences between Cajander's types were nitrogen, carbon to nitrogen ratio, exchangeable calcium, magnesium, potassium, and base saturation. Extractable phosphorus, carbon to nitrogen ratio, exchangeable calcium, magnesium, aluminum and base saturation were the most informative parameters in explaining differences between forest types identified within the Cajander types in accordance with the tree species composition, i.e. Sukachev's forest types. The organic horizons of spruce and birch-dominated forests contained significantly more nutrients, compared to those dominated by pine. These differences were explained by differences in litter quality, and the crown shape and density of tree species, which affect the intensity of nutrient leaching. Conclusions: The study presents new findings regarding the relationships between forest sites/types and the fertility of soil organic horizons in northwestern Russia. Differences in organic horizon's fertility between the taiga subzones are explained by differences in the soil forming rock, climatic conditions, land-use history and shares of forest site types/forest types.
Background
Being the product of the same environment, soil and vegetation are mutually associated with each other, but the relationships between edaphic properties and vegetation characteristics are still far from clear. Vascular plants depend on soils for their nutrient and water supply, but soil is also considered to be a part of the extended phenotype of a plant (Jones et al. 1994; van Breemen and Finzi 1998) . Plants influence mineral weathering and soil structure, while certain functional properties of plants influence the chemical and physical composition of litter, and thereby their decomposability. Trees affect the spatial redistribution of precipitation, and the fluxes of carbon and nutrients within forest ecosystems and landscapes (Karpachevsky 1978; Hobbie 1992; Lovett 1992; Binkley and Giardina 1998; Berg 2000; Cornelissen et al. 2007 ).
Non-vascular cryptogams, such as bryophytes and lichens which are widely distributed in boreal forests, are important hosts for nitrogen-fixing bacteria. Therefore, they act as a major nitrogen supply in soils and significantly contribute to aboveground biomass; they also control soil chemistry and nutrition through the accumulation of recalcitrant polyphenols (Cornelissen et al. 2007) . New findings emerged during the 1990's regarding the impact of different trees species on the properties of forest soils (Binkley et al. 1992; Berkvist and Folkeson 1995) . Augusto (2002) ranked the following tree species by their ability to reduce soil acidity: (Picea abies (L.) H. Karst., Picea sitchensis (Bong.) Carrière, Pinus sylvestris L.) > (Abies alba Mill., Pseudotsuga menziesii (Mirb.) Franco) > (Betula pendula Roth, Fagus sylvatica L., Quercus petraea (Matt.) Liebl., Quercus robur L.) > (Acer platanoides L., Carpinus betulus L., Fraxinus excelsior L., Tilia cordata Mill.). Orlova et al. (2016) found that the influence of Norway spruce (P. abies) on the acidity of the organic horizon in northern taiga forest soils depends on the age of spruce trees. Young trees (30-50 years) contributed to increasing acidity of the organic horizon in the oldgrowth forests, compared to initial stages of forest soil development, but this was not the case for the old trees (> 100 years).
Experimental testing of the relationships between forest soil and vegetation, which is a basis for forest type classifications, is needed. According to the Finnish forest site classification (Cajander 1909 (Cajander , 1926 (Cajander , 1949 as well as Central-European Ellenberg system (Ellenberg et al. 1991) , the composition of the understory vegetation reflects the fertility and productivity status of the site. Cajander's forest site type classification is in accordance with assumption that site productivity can be predicted on the basis of the occurrence of understory plants, which has been supported by experimental findings (Salemaa et al. 2008) . Sukachev (1972) has developed forest type classification taking into account the understory vegetation and tree species composition. Just like Cajander's classification in Finland, Sukachev's forest type classification is a well-established forestry tool in Russia (Alexandrova 1969; Frey 1978) .
The aim of this study was to assess the fertility of soil organic horizons in the predominant forest types, and to identify relationships between the forest types and the fertility of the soil organic horizons in northwestern Russia. Our specific hypotheses are that: (1) there are several factors, such as climate, soil forming rocks, and land use history, which significantly affect the fertility of soil organic horizons and the vegetation composition in the taiga forests of northwestern Russia, and (2) there are significant relationships between the fertility of soil organic horizons (i.e. content of bio-available nutrients, carbon to nitrogen ratio), on the one hand, and Cajander's forest site types and Sykachev's forest types, identified within the Cajander types, on the other hand, in northwestern Russia.
Materials and methods

Study areas
The 37 Norway spruce (P. abies), 66 Scots pine (P. sylvestris), and 16 silver birch (B. pendula) or downy birch (Betula pubescens Ehrh.) plots were established in the northern and middle taiga of the Republic of Karelia (NK and MK respectively) and the Karelian Isthmus (MKI) during the implementation of the International Cooperative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests) in 2008 ( Fig. 1) . They represent taiga forests of the Northwest Russia at the autonomous positions.
The Republic of Karelia is situated on the Baltic Shield, the Karelian Isthmus at the junction of the Baltic Shield and the Russian Plain. The predominant soil-forming rock in the northern and middle Taiga of Karelia (NK and MK) is till (lithified boulder clay); in the Karelian Isthmus (MKI) it is polymictic sandstone (Chertov 1981) . Albic Podzols, Rentic Podzols and Albic Retisols are widely distributed in the area.
The border between the northern and middle taiga is close to the isotherm of 1400 degree days with an average daily temperature above 5°C. Annual precipitation varies from 555 to 823 mm, being lower in northern taiga. In the Karelian Isthmus precipitation is very high, due to the influence of the sea.
Forests cover 54% of the Republic of Karelia (Volkov 2008) and about 70% of the Karelian Isthmus (Doronina 2007) . In Karelia, young forests constitute more than 36% of the forested area, middle-aged (80-120 years) 33%, mature and over-mature, about 30% (Kryshen 2010) . Fire is one of the main factors regulating the distribution, structure and composition of forests in the study area. In the Republic of Karelia, the forests dominated by pine (P. sylvestris) account for 64% of the forested area, those dominated by spruce (P. abies) 24%, birch (B. pendula, B. pubescens) 11%, and aspen (Populus tremula L.) about 1%. The northern taiga area is dominated by Scots pine forests with dwarf shrubs, green mosses, and lichens, while Norway spruce forests with dwarf shrubs and green mosses are widespread in the middle taiga (Kryshen 2010) .
The Karelian Isthmus (MKI) is dominated by pine (51% of the total forest area), while spruce and birch forests are less common there (29% and 16% correspondingly; Doronina 2007) . Deciduous forests, mainly with T. cordata, occur along the shores of the Gulf of Finland and Lake Ladoga, rarely in the central part of the Isthmus (Fedorchuk et al. 2005) .
Slash-and-burn agriculture was practiced widely in the Karelian Isthmus until the beginning of the twentieth century. The result was a destruction of spruce forests on the most fertile soils. Large-scale and severe fires favored the regeneration of pine. The abandonment of the slash-and-burn practice, selective logging, less frequent forest fires caused an increase of the spruce forest area by 13% during the period from 1923 to 1983 (Fedorchuk et al. 2005) . At the end of World War II, when Finland ceded the western part of the Isthmus to the Soviet Union, the forests received a protected status (Isachenko 2004; Muukkonen 2009; Rautiainen et al. 2016) . The slash-and-burn practice had a limited spatial distribution in the Republic of Karelia and the period of implementation was brief (Volkov 2008) .
Assessment of plant species cover
Four rectangular plots of 100 m 2 were assessed within the sample plots of the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests). Within each plot, the cover percentage of all plant and lichen species was estimated. Four vegetation layers were identified: a tree layer (woody plants > 5 m in height), a shrub layer (only woody, between 0.5 and 5 m height), a herb layer (all non-woody, and woody < 0.5 m height, including tree seedlings), and a moss-lichen layer (terricolous bryophytes and lichens). In addition, the total cover of each layer and the area of bare soil and litter was estimated.
Cajander's forest site types were identified according to composition of understory vegetation and the occurrence of certain indicator species (Hotanen 2008) . The following acronyms for the site types were used: 1) OMaT -Oxalis-Maianthemum, 2) OMT -Oxalis-Myrtillus, 3) MT -Myrtillus, 4) VT -Vaccinium vitisidaea, 5) CT -Calluna, 6) ClT -Cladonia.
Site type 1 presents rich herb vegetation, e.g. Aconitum septentrionale Koelle, Convallaria majalis L., Oxalis acetosella L. and green mosses belonging to the genera Brachythecium and Mnium. Site type 2 is co-dominated by O. acetosella and Vaccinium myrtillus L. with a significant addition of mesophilous herb species (including Fragaria vesca L., Maianthemum bifolium (L.) F.W.Schmidt and Rubus saxatilis L.) and boreal green mosses (Hylocomium splendens (Hedw.) Schimp. and Pleurozium schreberi (Willd. ex Brid.) Mitt.). Site type 3 is dominated by V. myrtillus and several boreal moss species. Site type 4 is characterized by abundant Vaccinium vitis-idaea L. and V. myrtillus. In the northern taiga Empetrum nigrum L. is also quite common, while herb and grass species are rare. The field layer is dominated by P. schreberi, some lichen species also occur. In the site types 5 and 6, lichens from the genus Cladonia and P. schreberi are very abundant. Calluna vulgaris (L.) Hull is constant in the site type. Cajander (1909) considered the understory vegetation to be a more sensitive indicator of environmental conditions and potential site productivity than the tree layer (Kuusipalo 1985) . The main focus of the Finnish forest type classification is the assessment of the potential productivity of a site, based on the actual vegetation cover, which is considered to reflect invariable site factors. Descriptions of site types are mostly based on undisturbed mature forests (Kuusipalo 1983) . Sukachev (1972) developed an alternative concept taking into account the understory vegetation as well as the tree species composition. Concerning the link between the Cajander classification and his own forest typology, Vladimir N. Sukachev wrote: "If we divide the Cajander types according to the tree species composition, these units will mostly match the types that we accepted" (Sukachev 1972, p. 33) . In this study Sukachev's forest types dominated by spruce, pine and birch were identified within the Cajander forest site types 2, 3, 4, and 6.
Soil sampling
Samples of the organic horizon were excavated using a frame of 0.25 m × 0.25 m. At the same site, samples of the BC/C horizons were taken from 0.5 m × 0.5 m holes. The holes were dug in the vicinity of the four vegetation plots. The samples were dried and milled to pass through a 2-mm sieve. The pH was measured in water and in calcium chloride extracts. Exchangeable potassium (K), calcium (Ca), magnesium (Mg), aluminum (Al), iron (Fe), sodium (Na) were determined by AAS after extraction with 0.1 mol•L − 1 BaCl 2 , exchangeable acidity -after extraction with 0.1 mol•L − 1 BaCl 2 . Total metal content in the C/BC horizon was determined by AAS after sample decomposition with hydrofluoric acid. Extractable compounds of phosphorous (P) were determined by colorimetry after extraction with aqua regia. Total nitrogen (N) and organic carbon (C) were determined on a CHNS-O analyzer (ЕА 1110, Italy, CE Instruments).
Effective base saturation was calculated, based on exchangeable base cations and exchangeable acidity values. The particle size distribution was determined gravimetrically for the samples from the C/BC horizons. The proportion of the finest particles (clay) is discussed below.
To compare the fertility of the organic horizons in forests, 40 additional samples from the soil organic horizon were taken on the plots with pine and spruce forests in the Lapland reserve of the Murmansk region. These samples were used to provide data on bio-available (ammonium acetate, pH = 4.65) content of nutrients in the organic horizons of Cajander's Cladonia site type 6.
Stand characteristics
The following forest parameters were assessed in each sub-plot: basal area (measured with angle gauge from the center of the sub-plot), mean height and mean age assessed for each age class of each tree species. These parameters were averaged for the whole sample plot. In addition, breast-height diameter (DBH) was measured for each tree within each sample plot. Based on the measured parameters, the stand density and total wood volume were calculated for each sample plot.
Climatic variables
Plot-wise values for the sum of effective temperatures (threshold + 5°C) and precipitation for the period of effective temperatures (> + 5°C), and for the whole year, were derived from available spatial models based on the information from 36 meteorological stations of Karelia and six meteorological stations located on the Karelian Isthmus (USSR Climate Reference Book 1965 Book , 1965 Book -1968 ; models by Budyko 1971; Polikarpov et al. 1986; Zukert 2000 Zukert , 2006 Zukert , 2008 . The de Martonne index for humidity was calculated using the following equation:
where P is annual precipitation amount (mm), and T annual mean temperature (°C).
Statistical analysis
Altogether 342 species on 119 plots on the regular grid were used to determine the ordination pattern of vegetation. Non-metric Multidimensional Scaling (NMDS) was performed on log-transformed species abundances (percent of coverage) using the metaMDS function of the vegan package of the R statistical environment (R Core Team 2018). The Bray-Curtis distances between plots were used for the construction of the ordination diagram. Several sets of variables, such as climatic and forest inventory data, data on soil organic horizons, were fitted as environmental vectors into the NMDS ordination using the function envfit in the vegan package. In addition, 999 random permutations of the variables were performed to assess the significance of the environmental vectors. The goodness of fit statistic was R 2 . In addition, we calculated Pearson's correlation coefficients between climatic, tree stand, soil variables, and species cover and species numbers of different functional groups. The coefficients were calculated for all areas combined.
To identify the influence of forest types on the fertility of the soil organic horizons, v-tests were conducted for each soil variable following Husson et al. (2017) . The vtest evaluates a standardized deviation between the mean of a category and the overall mean of a variable. The test examines, whether a variable is characteristic of a category or not. The test statistics is normally distributed under the following null hypothesis: the values of a variable, fitted into a category, are selected at random from all of the possible instances of the variable. This analysis allowed us to find the soil characteristics that are informative and relevant for the sites or the tree species, as well as the exact values of those characteristics.
The v-tests were calculated using the function catdes of the FactoMineR package (Le et al. 2008) .
Results
Vegetation
Non-metric Multidimensional Scaling ordination of the vegetation data demonstrated that the plots were distributed in accordance with the fertility level along the main compositional gradient (Fig. 2a) . The second gradient shifted from lower to higher latitudes, and separated the forests of the NK, MK and MKI regions.
Sukachev's forest types were identified within the Cajander forest site types in accordance with the tree species composition. Some differences were identified in the total coverage of the different functional groups of ground vegetation throughout the forests dominated by spruce, pine and birch within the most productive Cajander site type 2 (Fig. 2b) . Birch forests had the highest coverage of herbs (45.5%) and the lowest coverage of dwarf shrubs (4.9%), compared to those of pine and spruce forests. Pine forests had higher cover of herbs (36.0%), dwarf shrubs (18.6%), and grasses (6.9%) compared to spruce forests (21.6%, 8.0%, 3.9%, respectively). The abundance of green mosses reached maximum values in spruce forests (25.1%). Poor light conditions under dense spruce canopy can partly explain the relatively low contribution of herbs and grasses, and high contribution of mosses in forests dominated by spruce. As for the Cajander site type 3 (Fig. 2c ), the birch forests had a higher cover of grass and herb species, and a lower cover of green mosses, compared with pine and spruce forests. Dwarf shrubs were more abundant in plots dominated by pine. In spruce forests a relatively high cover of Sphagnum girgensohnii Russow (about 19%) was found on 6 plots in MKI and on 1 plot in MK. The plots assigned to the Cajander site type 4 ( Fig. 2d) were mainly dominated by pine (36 plots), spruce and birch forests were much less common (5 and 4 plots, respectively). There were plots with various disturbances caused by selective cutting and fires. The majority of pine stands of the Cajander's site type 4 were young. A high abundance of C. vulgaris is characteristic for pine forests of the Cajander site type 4 plots.
Species density (SR) increased towards the most fertile sites in MK (Fig. 3a) . The herb and grass cover, as well as species density increased from the northern to the middle taiga plots (MK and MKI), while the lichen and dwarf shrub cover percentage increased in the NK plots (Fig. 3a) .
Dwarf shrubs and herbs correlated most closely with the vegetation patterns ( Table 1 ). The tree ages in the uneven-aged stands in NK varied from 40 to 280 years, in MK from 40 to 160 years, and in MKI from 60 to 140 years. The stand variables (mean height, mean diameter and volume) had a high correlation with the vegetation -precipitation at the period of the effective temperatures, PYEAR -total precipitation; pH, total Ca, total K, total Mg, total Na -characteristics of BC horizon. b) Functional group covers, species richness and tree stand variables: Li -lichens, GM -green mosses, Dw -dwarf shrubs, Gr -grasses + herbs, SRspecies density, V -stand volume, M -mean height, D -mean diameter. c) The soil organic horizon characteristics, including C/N and nutrients patterns. These variables also tended to increase with increasing site fertility in MKI (Table 1 , Fig. 3a ).
There was a distinct difference in the proportions of site types within the three regions. In the NK region, the Cajander site type 4 was predominant (67%), while the site type 3 was also common (23%). The site type 5 was uncommon in NK (8%) and occurred very rarely in MK. Only one plot from NK was assigned to site type 6. The MKI forests were characterized by a prevalence of site type 3 (55%), by a relatively low share of site type 4 (14%) and by the highest proportion of site type 2 in all the areas (29%). The MK forests occupied an intermediate position: site types 3 and 4 had similar proportions, while the share of site type 2 increased significantly compared to NK (16%); two plots in MK were assigned to site type 1.
The number of vascular plant species increased considerably from NK to MKI (63 and 160 species, respectively), mainly due to herbs (30 and 101 species) and grasses (9 and 29 species) ( Table 2 ). In NK some species of dwarf shrubs (Ledum palustre L., Vaccinium uliginosum L.) were abundant, while in MK these species occurred mainly in wetlands. Similar features of northern taiga forests were reported from Finland (Tonteri et al. 1990; Salemaa et al. 2008 ). In the MK and MKI forests some nemoral herb species were recorded (e.g. Aegopodium podagraria L., C. majalis, Hepatica nobilis Mill., Lathyrus vernus (L.) Bernh., Paris quadrifolia L., Pulmonaria obscura Dumort., Stellaria holostea L.). In MKI some species of broadleaved trees and shrubs (Acer platanoides L., Quercus robur L., Corylus avellana L., Lonicera xylosteum L.) occurred. Tables 5, 6 , 7, 8 and 9 BS means base saturation
The MK forests were rich with green mosses (52 species) and lichens (23 species), while the MKI forests were poor in cryptogam species: only 7 species of lichens and 5 species of liverworts were found. The number of vascular plants decreased from rich to poor sites, and a similar trend was found for green mosses (Table 2 ). In general, the middle taiga plots maintained a higher number of vascular plants than the north taiga plots, while the north-taiga sub-xeric and xeric sites (the Cajander site types 5 and 6) had species-rich lichen communities.
Climatic conditions
The average annual temperature in the north taiga of the Republic of Karelia is close to 0°C. The Karelian Isthmus and the southern part of Karelia are characterized by a warm and moist climate: the sum of temperatures during the growing period is up to 2000 degrees or more, the average annual temperature can reach 4°C. The total amount of annual precipitation varies from north to south. In north Karelia it reaches up to 450-500 mm per year, in south Karelia it is much higher: 600-700 mm per year. In the Karelian Isthmus the amount of precipitation reaches 700-800 mm due to the influence of the sea .
Of the climatic parameters, the sum of effective temperatures, the average annual temperature and the precipitation for the period of effective temperatures had the highest correlation with the vegetation patterns (Fig.  3b , Table 1 ). The sum of effective temperatures ranged from 1372 to 2082 degree days with the lower values in NK and higher values in MKI. The total annual precipitation varied from 555 to 823 mm with the lower values in NK. The de Martonne index ranged from 44 to 67, but the variation did not reveal a clear pattern which is typical for this simple ratio.
Soil forming rock and organic horizons
Total content of chemical elements and proportion of fine particles in soil forming rock Among the three regions, distinct differences were found in the total content of Ca, Mg, K and Na in the lowermost soil horizon C/BC (Table 3 ). In the BC horizons the total content of K was significantly (p < 0.001) higher Here and in Tables 3 and 4: a -mean, b -standard error while the total content of Na was lower (p < 0.01) in MKI compared to the other two regions, whereas the Ca content was significantly (p < 0.001) higher in NK. The acidity of the BC horizons in NK was significantly (p = 0.03) lower compared to that of MK. An analysis of the data from the three regions demonstrated a higher (p < 0.05) proportion of fine particles in the C/BC horizons of NK compared to those in MK and MKI. Total Ca, K, and Na in the C/BC horizons had the highest correlation with the vegetation patterns, reflecting regional differences.
Organic horizons
According to Cajander, the soil organic horizons develop in close interaction with the vegetation of boreal forests.
The following parameters of the fertility of the organic horizons correlated with the vegetation patterns most closely: total N, C/N ratio, extractable P, exchangeable Ca, K, Mg and base saturation (Fig. 3c , Table 4 ). The content of total N and exchangeable K increased towards the MKI forests, and extractable P and exchangeable Mg content increased towards the MK forests, while exchangeable Ca content increased towards both the MK and MKI plots. The C/N ratio increased towards the NK forests. Table 5 demonstrates differences in fertility between the organic horizons of different Cajander site types in all three regions. The organic horizon of the site type 4 was more acidic with lower content of total N and base cations, and was characterized by higher C/N ratios and lower base saturation compared to site types 3 and 2, while site type 2 was more nutrient rich in the organic horizons with lower acidity compared to other site types.
Comparisons between the subzones/areas taking into account Cajander's site types have demonstrated significant differences in the content of exchangeable K and total N, which were higher in the organic horizons of site types 3 and 4 in MKI compared to those of NK and MK (p = 0.001-0.0001). There were significant (p < 0.05) differences in the C/N ratio in the organic horizons of site type 3 between NK and MK (33 against 26 respectively). The exchangeable Na content was significantly higher in the organic horizons of site type 3 and 4 of NK compared to those of MK and MKI (p = 0.001-0.04). The highest content of exchangeable Mg was found in the organic horizons of site types 2 and 3 of MK compared to those of MKI and NK (p = 0.02-0.04). A grouping of forests by 3 dominant tree species (pine, birch and spruce) in the three regions without taking into account the ground vegetation, reveals that the organic horizons of pine forests are characterized by the lowest fertility, i.e. the lowest pH value, the lowest total N content, the lowest content of extractable P and base cations, as well as the lowest base saturation, but the highest content of total C and exchangeable Al (Table 6 ). The highest nutrient content, the highest pH level and a low content of total C and exchangeable Al in the organic horizons were found in the birch forests. Spruce forests occupied an intermediate position. The soil organic horizons of the pine forests were characterized by the highest C/N ratio (45), while in spruce and birch forests this ratio was significantly lower (30 and 27, respectively). Table 7 demonstrates the differences in acidity and fertility between the organic horizons based on Sukachev's forest types (within the Cajander system). The organic horizons of pine forests within the Cajander site type 3 have the lowest fertility level, that is, the lowest pH, content and stock of total N, content of extractable P and exchangeable Ca and Mg, as well as base saturation, but total C and exchangeable Al were highest. Birch forests had the highest nutrient content and a high pH, and the lowest content of total C and exchangeable Al in the organic horizons, while spruce forests occupied an intermediate position. The organic horizons of pine forests were also characterized by the highest C/N ratio of 44, while in spruce and birch forests this ratio decreased to 30 and 27, respectively.
The organic horizons of pine, spruce and birch forests identified within Cajander's site type 2 showed, similar to site type 3, differences in the acidity and fertility (Table 7) . Site type 4 was mainly dominated by Scots pine, and results of v-tests demonstrated that the organic horizons of the pine forests were poor in nutrients as in the site types 2 and 3. The more detailed soil sampling within Cajander's site type 6 (Cladonia) in the Lapland reserve (Murmansk region) demonstrated that if one considers micro-zones below the crowns, the organic horizons contained significantly more bio-available nutrients in forests dominated by spruce compared to those dominated by pine (Fig. 4 ). There were significant differences in the content of soil nutrients below and between the crowns in forests dominated by spruce. The nutrient content in the soil organic horizons of the two micro-zones a) close to tree trunks and b) below the crowns of spruce trees, was significantly higher than the nutrient content in the soil organic horizons between the crowns.
Thus, there were significant differences in the fertility of soil organic horizons between Sukachev's forest types dominated by different tree species within the same Cajander forest site types. The forests, dominated by spruce and birch are characterized by more fertile organic horizons than those dominated by pine within the same Cajander site type. Therefore, along with the ground vegetation, taking into account the predominance of tree species is of great importance for the assessment of relationships between the fertility of soil organic horizons and the vegetation.
Correlations between the total content of elements in soil forming rock and their exchangeable forms in the organic horizons
When analyzing data from all three areas together, there was no close correlation found between the total content of Ca in the BC horizons, on the one hand, and exchangeable Ca content in the organic horizons, on the other hand. Positive close correlations were found between the total content of Mg and K in the BC horizons and content of their exchangeable forms in the organic horizons (r = 0.400 and 0.331 respectively). The variation in exchangeable Mg and K in the organic horizons could be partly explained by their total content in the soil forming rock, but this was not possible for exchangeable Ca.
Discussion
Effects of soil forming rock and land use history on site fertility
Compared to other areas, a comparable or even higher content of exchangeable Ca in the organic horizons of MKI where total content of Ca in BC horizons was significantly lower than in NK and MK, could be explained by the land-use history (Muukkonen et al. 2009; Rautiainen et al. 2016) . Slash-and-burn and amelioration practices in previous times probably contributed significantly to the current soil nutrient status, resulting in the unexpected high exchangeable Ca content in the organic horizons in MKI. Previous land-use practices focusing on soil fertility improvement in the Karelian Isthmus thus resulted in higher exchangeable Ca in the organic horizons. This effect, together with more favorable climatic conditions, may explain the higher stand productivity in MKI compared to NK and MK.
Climatic factors and vegetation
The influence of climatic factors on the soil organic horizon fertility could be mediated by vegetation, i.e. by the predominance of certain species within the forest site types and by the proportion of site types within the regions. These proportions could be explained by differences in the climatic conditions as well as by the reactions of forests developing under different climatic conditions under previous land-use practice and human disturbances, including fire and timber harvesting.
Close correlations between plant species richness and cover and climatic factors were found in different plant functional groups (Tables 8, 9 ). The herb and grass species richness and cover correlated positively with temperature and total precipitation. Negative correlations with these climate variables were found for lichens and dwarf shrubs.
Close correlations were also found between the species richness and plant cover of functional species groups and the parameters related to stand productivity. These correlations increased in MKI, where the sum of effective temperatures and precipitation were highest. The number of herb and grass species correlated positively, and species number of dwarf shrubs and lichens correlated negatively, with tree height and stand volume. Thus, the influence of climatic factors on vegetation in the study areas is evident.
The same climatic factors were closely related to the fertility characteristics of the organic horizon, such as content of exchangeable K (p < 0.005), exchangeable Ca (p < 0.01) and total N (p < 0.01) as well as C to N ratio (p < 0.008). These variables, in turn, were closely associated with richness and cover of plant species and functional groups (Tables 8, 9 ). This result can be explained by the influence of climatic factors and vegetation on soil organic horizon fertility.
Relationships between soil fertility and forest types
Relationships between the vegetation pattern and the fertility of the soil organic horizon were identified at the regional level. The predominance of Cajander's site type 4 in NK is associated with a lower nutrient content and higher C/N ratio in the organic horizons compared to those in MK, where the proportion of site type 3 is higher, and compared to those in MKI where the proportion of site types 2 and 3 is higher. At the level of Cajander's site types, the relationships between vegetation formation and organic horizon fertility were also evident. In all three areas the nutrient content in the organic horizon increased from poor sites dominated by evergreen dwarf-shrubs and lichens to rich sites dominated by blueberry and herbs/grasses. The most informative soil parameters were N, C/N ratio, exchangeable Ca, Mg, K, base saturation, which confirms the Finnish case study by Salemaa et al. (2008) .
At the level of Sukachev's forest types the effects of predominant tree species were identified within Cajander's site types 2, 3, and 4. The organic horizons dominated by spruce and birch were more nutrient rich and less acidic compared to those dominated by pine.
The differences in the fertility of soil organic horizons could be explained by differences in the amount of precipitation penetrating through the canopy formed by different tree species. Augusto et al. (2015) found that the presence of evergreen Gymnosperm tree species generally induces a lower rate of precipitation input into the soil than the deciduous Angiosperm trees species, resulting in drier soil conditions and lower water discharge in the Gymnosperm communities. Christiansen et al. (2010) have shown that the mean annual percolation below the root zone of Norway spruce trees was significantly lower compared to that of deciduous trees.
The amount of precipitation below the crowns of Scots pine trees, especially the amount of water flowing down along the trunks, was considerably higher compared to that in Norway spruce forests of the northern taiga (Lukina et al. 2019 ). This effect can be explained by differences in the crown structure of different coniferous tree species. In the northern taiga, the crowns of old pine trees are open and short, whereas the crowns of old spruce trees are long and dense. Low amounts of precipitation penetrating through a dense and low canopy can prevent nutrient loss from the soil organic horizons in spruce forests. Higher nutrient contents in the organic horizons of spruce forests can also be explained by a high content of some nutrients in senescent spruce needles. An example is Ca. Norway spruce is known to accumulate Ca in perennial needles. The Ca content in 12-13 year old needles of old spruce trees may reach 13-15 g•kg − 1 in the northern taiga of the Murmansk region (Lukina and Nikonov 1998; Nikonov et al., 2004a, b) . Ca is a non-mobile element, and it's concentration increases with needle age. Similar results were reported for manganese in forests at the northern tree line, an immobile element that is incapable of relocation within the trees (Lukina and Nikonov 1998; Nikonov et al., 2004a, b) .
There were significant differences in the content of bioavailable nutrients in the organic horizons between the micro-zones in spruce forests within Cajander's site type 6 in the Lapland reserve of the Murmansk region (Fig. 4) . The reason for the higher nutrient content could be the particular crown shape of spruce trees, and the high Ca content in senescent spruce needles, as explained before. The results were different in pine forests, as expected.
The higher nutrient content in the organic horizons in birch forests compared to those of pine and spruce forests can be explained by a high quality birch litter. In the humus layer of a replicated 35-year-old birch-spruce field experiment on Vaccinium myrtillus site type in middle-eastern Finland the pH was higher under birch than under spruce, and the C/N ratio was lower under birch than under spruce (Smolander et al. 2005) . Fig. 4 Bio-available (ammonium acetate, pH = 4.56) nutrient's content in the soil organic horizons in forests dominated by spruce and pine within the Cajander's forest site type 6, Lapland reserve, Murmansk region. S1 -spruce trunk (n = 5), S2 -middle of spruce crown (n = 5), S3 -edge of spruce crown (n = 5), S4 -between the spruce crowns (n = 5), P1 -pine trunk (n = 5), P2 -middle of pine crown (n = 5), P3 -edge of pine crown (n = 5), P4 -between the pine crowns (n = 5). Significance of differences between: S1 -P1: N (p = 0. The number and cover of plant species of certain functional types and the organic horizon fertility were interrelated. Close positive correlations were found between the herb and grass species density and total N, exchangeable Ca, Mg, K in the organic horizons. In contrast, the correlations between the nutrient content and the density of dwarf shrub and lichen species were negative. Negative correlations were found between the density of herb and grass species and the C/N ratios in the organic horizons. In contrast, the correlations between the C/N ratios and the density of dwarf shrub and lichen species were positive. These close correlations demonstrated that herbs and grasses can promote the development of upper soil horizons of higher fertility better than dwarf shrubs, lichens and mosses which can be explained by the chemical composition of the litter of different functional types. A high amount of phenolics in tissues of plants of the family Ericaceae decreases the N concentration, which impedes litter decomposition (Li et al. 2007 ). Black crowberry also contains large quantities of polyphenolic compounds (Wardle et al. 2003) . Mosses are characterized by a low content of nutrients and water-soluble extractives (Hilli 2013) , while lichens also have a very low nutrient content (Cornelissen 2007 ).
Thus, the litter quality, the chemical composition of the residues of the predominant plant species is of great importance for assessing and predicting the relationships between soil and plants. The crown structure of the predominant tree species, together with their litter quality, is affecting the intensity of nutrient leaching and nutrient accumulation in the soil.
Conclusions
Based on an extensive set of field observations, several key relationships between different forest site types/forest types, and the fertility of the organic soil horizons, were identified in three of taiga forest regions of northwestern Russia: the northern taiga and middle taiga of the Republic of Karelia, and the Karelian Isthmus. To assess these relationships, the influence of other important soil-forming factors was identified at the regional level, such as soil forming rock, the effect of the land use history and different climatic conditions. The content of exchangeable Mg and K in the organic horizons was related to the total content of these elements in the soil forming rock. The different results for Ca are explained by the specific land-use history in the Karelian Isthmus. Significant differences in the fertility of the soil organic horizons between the three regions are also explained by the vegetation patterns. The influence of the particular climatic conditions on the plant species composition can partly explain the differences in the organic horizon fertility between the three regions. As expected, the nutrient content in the organic horizons increased from poor to rich Cajander's forest site types. The most informative parameters were N, C/N ratio, exchangeable Ca, Mg, K, and base saturation. The density of particular plant species communities and the fertility characteristics of the organic horizons were interrelated. Close positive correlations were found between the density of herbs and grasses and the nutrient content. For dwarf shrubs, lichens and mosses these correlations were negative. This result was explained by differences in the chemical composition of the litter of plants belonging to different functional groups. Significant differences in the fertility of the soil organic horizons were also found between Sukachev's forest types dominated by different tree species identified within Cajander's site types Oxalis-Myrtillus, Myrtillus, Vaccinium vitis-idaea, Cladonia. The organic horizons of the same Cajander site types dominated by birch and spruce contained significantly more nutrients, compared to those dominated by pine. The influence of tree species was due to litter quality and differences in the crown structure of tree species affecting nutrient leaching. This study identified close relationships between forest site types/forest types and the fertility of soil organic horizons in the taiga subzones of northwestern Russia. 
